Background. Attaching and effacing Escherichia coli (AEEC) that lack Shiga toxin genes (stx) and the enteropathogenic E. coli adherence factor (EAF) plasmid (stxϪ/EAFϪ) are classified as atypical enteropathogenic E. coli and cause diarrhea worldwide. However, it is unknown whether there are bacterial lineage-specific human disease phenotypes. We compared stxϪ/EAFϪ AEEC recovered from patients (mostly children) with bloody and nonbloody diarrhea.
derlying HUS are Shiga toxins encoded by phage-borne stx genes [4] .
In contrast to EHEC, EPEC lack stx and cause nonbloody diarrhea [1, 5, 6] . "Typical" EPEC contain, in addition to eae, the EPEC adherence factor (EAF) plasmid [1, 5] , which harbors bfpA, encoding the structural subunit of bundle-forming pili that mediate localized adherence to cultured epithelial cells. A subset of EPEC that lack the EAF plasmid have been termed "atypical" EPEC (aEPEC) [1, 5] . Typical EPEC and aEPEC differ with regard to serotypes, epidemiology, and geographical distribution [5] . Typical EPEC belong to a limited spectrum of well-defined serotypes [5] , whereas aEPEC encompass a wide spectrum of usually non-EPEC serotypes that can vary geographically [5] [6] [7] [8] [9] [10] [11] . Although typical EPEC are a leading cause of infantile diarrhea in developing countries [5] , aEPEC have emerged as causes of diarrhea among children worldwide [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and have been associated with sporadic cases [16] and outbreaks [17] of diarrhea among adults.
Despite the increasing public health significance of stx-negative, EAF-negative (stxϪ/EAFϪ) AEEC, which are classified as aEPEC, it is not known whether members of this heterogeneous group differ in virulence potential and, consequently, whether particular lineages can cause more-severe illness. To gain deeper insight into this issue, we compared stxϪ/EAFϪ AEEC recovered from patients with bloody diarrhea with those recovered from patients with nonbloody diarrhea, focusing on serotypes, putative virulence characteristics, and phylogeny.
PATIENTS AND METHODS
Patient and case definitions. During routine diagnostic analyses conducted during January 1995-June 2007, stool specimens obtained from 10,668 epidemiologically unrelated patients with diarrhea (1 sample per patient) were investigated for the presence of stxϪ AEEC. Most patients were children from throughout Germany, and 19000 patients were hospitalized. Information about bowel movement frequency, stool consistency, and presence of blood in stool was obtained from the treating physicians or patients' parents using a standardized questionnaire. Visible blood in the stool was also noted during microbiologic analysis; microscopy for erythrocytes was not performed routinely. Diarrhea was defined as у3 watery stools (without visible blood) per day. Diarrhea was classified as bloody if visible blood was noted in the stool. According to these case definitions, 118 patients experienced bloody diarrhea, and 10,550 experienced nonbloody diarrhea. Progression to HUS was determined on the basis of development of microangiopathic hemolytic anemia (hematocrit, !30%, with peripheral evidence of intravascular hemolysis), thrombocytopenia (platelet count, !150,000 platelets/mm 3 ), and renal insufficiency (defined as a serum creatinine concentration greater than the upper limit of the normal range for age) [18] . Isolation of stxϪ AEEC from stools. stxϪ AEEC were isolated as described elsewhere [19, 20] . In brief, broth enrichment stool cultures grown overnight on sorbitol MacConkey agar (Oxoid) and enterohemolysin agar (Sifin) were screened for eae, stx 1 , and stx 2 by PCR. eae-Positive colonies were isolated from eae-positive but stxϪ stool specimens by use of colony blot hybridization with an eae probe. E. coli O157 was isolated from broth cultures by use of enrichment by immunomagnetic separation with anti-E. coli O157 Dynabeads (Dynal Biotech ASA), culture of the beads on sorbitol MacConkey agar and cefixime-tellurite-sorbitol MacConkey agar, and slide agglutination of sorbitol-negative colonies in anti-O157 serum or the eae colony blot hybridization.
Phenotyping methods. The isolates were confirmed to be E. coli (with use of API 20 E; bioMérieux), and the serotypes were determined [19] with antisera to E. coli O antigens 1-181 and H antigens 1-56. Fermentation of sorbitol was detected on sorbitol MacConkey agar, production of EHEC hemolysin was detected on enterohemolysin agar, and resistance to tellurite was detected on cefixime-tellurite-sorbitol MacConkey agar [21] . Shiga toxins and cytolethal distending toxin were detected using Vero cell [22] and Chinese hamster ovary cell [23] assays, respectively.
Genotype characterization. The EAF plasmid, bfpA, eae, presently known stx alleles [3] , genes encoding a panel of other toxins and adhesins, the ter gene cluster, and genes within O island (OI)-122 of EHEC O157:H7 strain EDL933 (table 1) were detected using PCR [19] [20] [21] [23] [24] [25] [26] [27] [28] [29] . The flagellin subunitencoding fliC genes were subtyped [30] . The intact or occupied status of stx-phage integration sites (yehV, wrbA, and yecE) was investigated using PCR [31, 32] , and the findings were confirmed by sequencing of the amplicons [31] .
Multilocus sequence typing (MLST). Internal fragments of 7 housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA) were analyzed, and the genetic relationships between different sequence types (assigned in accordance with the E. coli MLST Web site [http://web.mpiib-berlin.mpg.de/mlst/dbs/ Ecoli]) were determined as described elsewhere [29] . Phylogenetic analyses were based on the BURST algorithm [33] , which groups strains that share у6 identical alleles into the same clonal complex. The minimum spanning tree was generated using the analysis Web tool (http://pubmlst.org/analy sis/).
Detection of other bacterial pathogens in stool specimens. The presence of Salmonella species, Shigella species, Yersinia species, Campylobacter jejuni, and EHEC was assessed as described elsewhere [29] .
Statistical analysis. The x 2 test, Yates's corrected x 2 test, Putative virulence genes of stx-/EAF-AEEC. One or more non-eae putative virulence genes were found in 115 (72.3%) of 159 stxϪ/EAFϪ AEEC isolates; these 115 strains belonged to 41 serotypes or could not be fully typed (tables 1 and 3) . The spectrum of the putative virulence genes differed in strains of different serotypes (tables 1 and 3). All stxϪ/EAFϪ AEEC of serotypes O26:H11/NM, O103:H2/NM, O111:NM, O121: H19, O145:H28/NM, and O157:NM, which were significantly associated with bloody diarrhea, possessed EHEC-hlyA, encoding EHEC hemolysin; various (mostly serotype-specific) combinations of adhesins; and the OI-122 of EHEC O157:H7 strain EDL933, either complete (efa1, sen, nleB, nleE, and pagC) or without pagC (table 1). The virulence profiles of these strains were, except for the absence of stx genes, identical to those of EHEC of the corresponding serotypes isolated from patients with bloody diarrhea in our previous study [22] (table 1) . The same was true for the single strain of serotype O157:H7 (data not shown).
stxϪ/EAFϪ AEEC of the other serotypes-which were, with a single exception, found only in patients with nonbloody diarrhea (table 2)-were highly heterogeneous in their virulence profiles (table 3) . As a group, they less frequently possessed putative virulence genes identified in strains associated with bloody diarrhea. The most frequent non-eae determinant was paa, encoding the porcine attaching and effacing-associated (Paa) adhesin, originally described in porcine EPEC [24] . Some of these isolates carried loci that were not present in strains associated with bloody diarrhea. For example, 7 isolates from 5 different serotypes contained astA, encoding the enteroaggregative E. coli heat-stable enterotoxin, and 6 isolates possessed cdt clusters encoding cytolethal distending toxin I or cytolethal distending toxin II; in 2 of these isolates, cdt was the only putative virulence determinant identified besides eae. Analysis of stx-phage integration sites. Each of 20 stxϪ/ EAFϪ AEEC O26:H11/NM and 11 stxϪ/EAFϪ AEEC O157: H7/NM strains had intact genomic loci that are known to serve as integration sites for stx-converting bacteriophages in EHEC O157:H7/NM (yehV, wrbA, and yecE) [32, 36] and EHEC O26: H11/NM (wrbA and yecE) [31] . Thus, the absence of stx genes in AEEC O26 and O157 was associated with the absence of stx-harboring phages from their chromosomes.
Phenotypes. Sorbitol was fermented by 143 (89.9%) of 159 stxϪ/EAFϪ AEEC. The 16 non-sorbitol fermenters belonged to serotypes O132:H34 (3 strains), O145:H34 (3 strains), O145: H28 (2 strains), O49:NM, O63:H6, O85:NM, O115:H8, O157: H7, ONT:H31, ONT:HNT, and Orough:H6 (1 strain each). Fifty-four (34.0%) of 159 strains were tellurite resistant, as evidenced by their ability to grow on cefixime-tellurite-sorbitol MacConkey agar; the tellurite resistance correlated with the presence of the ter gene cluster and was restricted to strains of particular serotypes (tables 1 and 3) . None of the strains produced Shiga toxins. EHEC hemolysin was produced by 62 of 72 strains harboring EHEC-hlyA; the 10 strains that did not express the enterohemolytic phenotype were sorbitol-fermenting E. coli O157:NM. Cytolethal distending toxin was expressed by all 16 cdt-containing strains (titer range, 1:4-1:16; median, 1:8).
MLST analysis. MLST analysis was performed with 115 stxϪ/EAFϪ AEEC that contained at least 1 non-eae virulence determinant (sequence types and clonal complexes are shown in tables 1 and 3), 19 EHEC isolates recovered from patients with bloody diarrhea (table 1), and 2 typical EPEC isolates used for comparison. All stxϪ/EAFϪ AEEC belonging to EHEC serotypes (O26:H11/NM, O103:H2/NM, O111:NM, O121:H19, O145:H28/NM, and O157:H7/NM) shared with EHEC of the corresponding serotypes the same sequence type or at least 6 of the 7 alleles investigated; therefore, they were clustered into the same clonal complex ( figure 1 and table 1) . The only exception was an stxϪ/EAFϪ AEEC O111:NM (fliC H8 ; ST381, CC590), which shared only 4 alleles with EHEC O111:H8 (CC29) (figure 1). The clonal complexes that comprised EHEC and stxϪ/EAFϪ AEEC associated with bloody diarrhea only infrequently contained stxϪ/EAFϪ AEEC of other serotypes ( figure 1 and table 3) . As expected, an stxϪ/EAFϪ AEEC O55: H7, a proposed progenitor of EHEC O157, clustered with stxϪ/ EAFϪ AEEC and EHEC O157 into CC11 ( figure 1 and tables  1 and 3) . Also, an stxϪ/EAFϪ AEEC O121:NM (ST800) was only a single-locus variant of EHEC and stxϪ/EAFϪ AEEC O121:H19 (ST655) (figure 1). In contrast, the majority of stxϪ/ EAFϪ AEEC isolates recovered only from patients with nonbloody diarrhea (table 3) were distantly related to strains of the first group, and they displayed greater diversity (figure 1). These strains were grouped by MLST into 7 clonal complexes (CC10, CC28, CC122, CC165, CC206, CC278, and CC582) and 22 singletons (figure 1). The 2 typical EPEC strains, including the only typical EPEC isolated in our study (O125:NM; ST299) and the prototype EPEC strain 2348/69 (O127:H6; ST15), were only distantly related to all stxϪ/EAFϪ AEEC strains, underlining the heterogeneity of stxϪ AEEC ( figure 1 ).
DISCUSSION
We demonstrate that stxϪ/EAFϪ AEEC strains that fulfill the definition of aEPEC are associated with 2 distinct clinical syndromes. Moreover, these associations vary according to the strains' phylogeny and virulence traits. Strains of serotypes O26: H11/NM, O103:H2/NM, O111:NM, O121:H19, O145:H28/ NM, and O157:NM, which are also common among EHEC [3, 19, 22, 28, 34, 35] , were strongly associated with bloody diarrhea, which progressed to HUS in a subset of patients. Such strains share selected non-Shiga toxin virulence determinants with the respective EHEC (table 1) and cluster into the same MLST clonal complexes (figure 1), demonstrating their close relatedness to EHEC. Such EHEC auxiliary virulence profiles and the phylogenetic background of these strains, together with their association with clinical syndromes typically caused by EHEC, support the hypothesis that stxϪ/EAFϪ AEEC with the aforementioned serotypes are, in fact, EHEC that lost stx genes after they established infection in humans. We have previously observed rapid stx loss in a subset of EHEC strains during the course of HUS [19, 31, 32] and designated such strains EHEC-LST (i.e., "EHEC that lost Shiga toxin") [29] . Because bloody diarrhea commonly precedes EHEC-associated HUS [2, 34] , it is plausible that the stx loss can occur during this stage of the disease, before stool specimens are submitted for culture. Such a scenario would explain the development of HUS in patients with bloody diarrhea who shed stxϪ/EAFϪ AEEC as the only pathogens. The most probable mechanism of stx loss, which involves the excision of stx-converting bacteriophages from the EHEC genome [4, 31, 32] , is supported by our finding that chromosomal loci that are known integration sites for stx-converting bacteriophages in EHEC O157:H7/NM [32, 36] and EHEC O26:H11/NM [31] were intact in stxϪ/EAFϪ AEEC (EHEC-LST) of the corresponding serotypes. However, we do not have sufficient data on patient therapy to determine Figure 1 . Distribution of stx-negative (stxϪ) attaching and effacing Escherichia coli (AEEC) isolated from patients with nonbloody and bloody diarrhea and enterohemorrhagic E. coli (EHEC) of the corresponding serotypes, within a minimum spanning tree generated from allelic profiles based on the BURST algorithm [33] . Each sequence type (ST) is represented by a circle with the ST designation; the circles are depicted depending on the strain and clinical entities (red, EHEC; green, stxϪ/enteropathogenic E. coli adherence factor-negative (EAFϪ) AEEC belonging to EHEC serotypes and associated with bloody diarrhea; blue, stxϪ/EAFϪ AEEC isolated from nonbloody diarrhea; yellow, typical enteropathogenic E. coli). whether antibiotics-one of the stimuli that can induce the excision of stx-phages from the EHEC chromosomes [4, 36] may have played a role in the stx loss in these patients. We also cannot determine the time point(s) in the illness when the stx loss occurred more accurately, other than that it probably occurred between the onset of diarrhea and days 5-9 after onset, when stool specimens from patients with bloody diarrhea were collected for microbiological analysis. It is also possible that some of these strains lost stx in vitro, during stool processing or culture, as has been observed elsewhere [31] .
The second group of stxϪ/EAFϪ AEEC comprises strains that differ from putative EHEC-LST phylogenetically, on the basis of spectrum of serotypes and virulence determinants, and that are associated with nonbloody diarrhea. Strains with similar characteristics have been isolated from patients with nonbloody diarrhea worldwide [6, 8, 10, 37] and, therefore, represent apparently "true" aEPEC. These strains belong to multiple phylogenetic lineages, as demonstrated by their separation into 7 clonal complexes and 22 singletons that were widely spread over the E. coli population. The fact that most of the less pathogenic aEPEC strains could be distinguished from EHEC-LST by use of MLST accords with a recent report by Ziebell et al. [38] , who applied MLST to Shiga toxinproducing E. coli and differentiated EHEC that cause HUS from less pathogenic strains (i.e., those that cause diarrhea) or nonpathogenic strains. Thus, in general, MLST is a powerful tool to determine the public health significance of AEEC. Moreover, similar to our study, Ziebell et al. [38] observed very good correlation between MLST analysis and serotyping, to distinguish highly pathogenic from less pathogenic E. coli, suggesting that serotypes are diagnostically useful markers for phylogenetic lineages associated with severe human disease. Our finding that stxϪ/EAFϪ AEEC strains recovered from patients with bloody diarrhea (that are, by definition, aEPEC) are most plausibly EHEC-LST has clinical implications. Although stx loss early in infection, before Shiga toxin is produced and injures host cells, might halt progression of the infection to HUS, no data are presently available to support this hypothesis. Therefore, all patients with bloody diarrhea who shed EHEC-LST should be considered to have potential infection with EHEC and, therefore, to be at risk of developing HUS. However, implementation of procedures that may benefit patients with EHEC-mediated diarrhea to reduce the renal impairment, such as isotonic volume expansion [39] and avoidance of antibiotic treatment [18] , is hampered in patients who shed EHEC-LST, because such patients are almost never identified at this stage of the illness, as a result of inadequate diagnostic procedures.
For these reasons, clinical information from treating physicians (e.g., the nature of the diarrhea) and complex microbiological approaches [29, 40] are necessary to timely identify EHEC and EHEC-LST and to differentiate this second group from other aEPEC in patients' stool samples. Such approaches include various PCR protocols that target genes common to all AEEC, such as eae [19, 29] or escV [40] , or genes shared by EHEC and EHEC-LST of particular serogroups (e.g., rfb O157 , sfpA, and wzy O26 ) [20, 25] . These procedures are useful to screen for AEEC in patients' stool specimens [19, 20, 29, 40] . The isolation of AEEC, regardless of the pathotype, is achieved using eae colony blot hybridization [19, 29] .
In conclusion, particular phylogenetic lineages of AEEC are associated with bloody diarrhea, regardless of the presence of Shiga toxin at the time of isolation. Because of potential systemic progression of such infections, diagnostic strategies targeting Shiga toxin-independent characteristics of AEEC are necessary to identify such patients early in their illness. MLST combined with serotyping is a powerful tool to distinguish stxϪ/EAFϪ AEEC with the potential to cause bloody diarrhea (EHEC-LST) from other, apparently less pathogenic, "true" atypical EPEC strains, which cause nonbloody diarrhea.
